ABSTRACT: This study aimed to determine the impact of wearing a lateral-offset sole shoe (LOSS) on knee adduction moment (KAM) in patients with medial knee osteoarthritis (OA). From December 2012 to November 2016, patients with medial knee OA were recruited. Ninety-three knees (50 left, 43 right) of 93 female patients were analyzed. The first peak KAMs were measured with patients (i) walking barefoot; (ii) walking in conventional shoes; and (iii) walking in LOSSs. The patients had grade 1 (n ¼ 19), grade 2 (n ¼ 49), grade 3 (n ¼ 20), and grade 4 (n ¼ 5) knee OA. First peak KAMs differed significantly in all three conditions (p ¼ 0.031). In the post hoc analysis, first peak KAMs were significantly lower during LOSS walking than during conventional shoe walking (p ¼ 0.001), but there were no differences in peak KAMs between barefoot and LOSS walking (p ¼ 0.784). In the subgroup analysis, patients with grades 2 and 3 OA showed significantly lower first peak KAMs during LOSS walking than during conventional shoe walking (p ¼ 0.029 and p ¼ 0.011, respectively). Both the peak eversion ankle angle and moment of barefoot walking showed a significant increase compared with LOSS and conventional shoe walking, while there was no significant difference between LOSS and conventional shoe walking (p ¼ 0.612 and p ¼ 0.197, respectively). Our results suggest that LOSS wearing caused significant KAM reductions compared with conventional shoe wearing. Since LOSS wearing does not cause changes in the peak eversion ankle angle and moment during the load response, it may be an effective method to reduce the KAM in women with knee OA. ß
Osteoarthritis (OA) of the knee is a common disorder affecting approximately 30% of adults over 65 years of age, 1 predominantly women. 2 Generally, OA occurs 10 times more frequently in the medial compartment than in the lateral compartment, which can be attributed to greater weight loading of the medial compartment. 3 Previous studies 4, 5 have demonstrated that the increased load on the medial compartment of the knee is associated with increased knee adduction moment (KAM). Increased KAM has also been associated with increased severity and faster progression of OA. 6 Furthermore, it can be used as a measure of treatment success in medial compartment OA. For these reasons, attempts to decrease KAM using mechanical interventions 7 have been implemented in the clinical setting.
Barefoot walking has been reported as an effective method to reduce peak torques of the knee by 7-30% in healthy subjects. 8 However, since barefoot walking is not practical, the development of suitable shoes that can reduce KAM is necessary. Therefore, many specialized shoes have been invented to reduce KAM, including the mobility shoe, 9 the unstable shoe, 10 the variable-stiffness shoe, 11 and the lateral-wedge insole shoe (LWIS). 12 The LWIS reduces loading in the medial compartment of the knee by laterally shifting the mechanical loading of the foot, which in turn changes the mechanical alignment of the lower limbs. 13 Kerrigan et al. 14 studied the LWIS and reported that lateral slipping of the foot can occur within the LWIS shoe, requiring frequent changes in the position of the foot. Our previous study 15 of healthy Korean adults showed that lateral-offset sole shoe (LOSS) wearing resulted in a significant decrease in KAM compared to conventional shoes and had less influence on the ankle joint compared to the LWIS. The purpose of this study was to determine the impact of LOSS wearing on KAM in patients with medial OA of the knee. We hypothesized that LOSS wearing would lead to a greater reduction in peak KAM in patients with medial OA of the knee compared to conventional shoe wearing, but there would be no significant differences between LOSS wearing and walking barefoot.
METHODS
This was a cross-sectional study performed on geriatric female volunteers with evidence of osteoarthritis (level of evidence: Diagnostic test level II).
Study Subjects
This study was approved by the institutional review board at our institution, and informed consent was obtained from all subjects prior to participation. Patients with medial OA of the knee were recruited via recruitment posters. A total of 93 knees from 93 female patients were tested at the Laboratory of Human Motion Analysis at Korea University Anam Hospital. Volunteers were recruited using public advertisements. Patients with walk-assist devices, a body mass index (BMI) greater than 30 kg/m 2 , a history of previous knee replacement arthroplasty, concomitant OA of the hip or spine, or those showing limitations of knee movement were excluded from the study due to the possible influence of these factors on gait. Medial compartment OA was assessed using a standing anteroposterior (AP) radiograph of the knee and classified according to the Kellgren-Lawrence grading system. 16 
Experimental Protocol
The patients performed a 5-min warm up walking at a comfortable speed. After warming up, reflective markers were attached to the feet and lower extremities of each patient. Due to potential changes in KAM with gait speed, a metronome was used to maintain gait at a constant speed. Patients were asked to walk at a comfortable speed along an 8-m walkway. We captured a static standing trial with the individual in anatomical position. After static calibration, kinematic data were collected using six infrared cameras and two force platforms (vertical natural frequency of 500 Hz). Infrared cameras were used to assess the three-dimensional positions of infrared reflecting markers that were attached to each patient's skin and shoes over bony landmarks. In accordance with the Helen-Hayes method, 17 19 opto-reflective markers of 10 mm in diameter were placed on anatomical landmarks (both the anterior and superior iliac spines, midpoint of the sacrum at the iliac level, midlateral thigh, lateral and medial knee joints, medial shank, lateral and medial malleolus, on the shoe over the second metatarsal head, and over the posterior calcaneus). Three-dimensional marker routes were captured during gait by a frame-by-frame motion-capture software program (EVaRT version 5.0; Motion Analysis Corporation, Boston, MA) at a frequency of 60 Hz. External moments at each joint center were calculated using biomechanical data analysis software (OrthoTrak; Motion Analysis Corporation) for kinetic data. Five acceptable walking trials were obtained for each participant and for each shoe type. Among five acceptable walking trials, three representative strides from each type of shoe were selected and the average data of three representative strides used for analysis. All participants were given approximately 1 h of rest between testing each type of shoe to minimize any effects on the next test. The relationships among the markers were reestablished for each shoe type. The conventional shoe used had rectangular soles in the axial plan and flat, thin insoles. The LOSS also had flat, thin insoles but was trapezoidal in shape, which resulted in the lateral shifting of the planter foot. The shifting angle (defined as the angle between the gravity line and the axis of the sole in the axial plane) of the LOSS was 10( Fig. 1) . All shoes used in this experiment were manufactured by a single vendor "BIOFIT Inc. (Seoul, Korea)," and were of uniform stiffness and made of the same materials, and were the correct size for each participant. The technician who collected and analyzed the gait data was not informed of the type of shoe worn by the patients.
Sample Size Estimation and Statistical Analysis
The sample size was estimated as follows. Based on our previous study, 15 we assumed that a 0.06 Nm/kg difference between the joint moments according to shoe type would be significant and that the expected standard deviation would be 0.1 Nm/kg (type 1 error (a): 0.05, power: 0.8); therefore, a sample size of 92 subjects was calculated. The affected joint was selected for analysis in patients with unilateral OA. Since the patients with bilateral knee OA in this study had the same Kellgran-Lawrence grade in each knee, one knee joint was randomly selected to reduce bias using a random number generation function in Microsoft Excel. Repeated analyses of variance (ANOVA) were used to evaluate differences in KAM between the barefoot, conventional shoe, and LOSS conditions according to knee OA grade. Post hoc pairwise comparisons were conducted using multiple t tests for all pairs with a Bonferroni adjustment. One-way ANOVA was used to analyze the differences according to knee OA grade. Statistical significance was considered when the p-value was less than 0.016 in order to adjust for multiple tests after a Bonferroni correction (a familywise 5% overall error rate). Statistical analysis was performed using IBM SPSS Statistics software (ver. 21.0; Chicago, IL). The hip abduction moments were not significantly different according to each shoe type (barefoot: 0.797 AE 0.133 Nm/kg, LOSS: 0.872 AE 0.164 Nm/kg, conventional shoe: 0.860 AE 0.161 Nm/kg). The first peak KAMs in the barefoot, conventional shoe, and LOSS conditions were significantly different (p ¼ 0.031) (Fig. 2) . In the post hoc analysis, we found a significant difference in the first peak KAMs during conventional shoe walking and LOSS walking (p ¼ 0.001); however, there was no difference in the LATERAL-OFFSET SOLE SHOES ON KNEE OSTEOARTHRITIS first peak KAMs between barefoot walking and LOSS walking (p ¼ 0.784). The second peak KAMs were not significantly different (p ¼ 0.087) between the barefoot, conventional shoe, and LOSS conditions (Fig. 3) .
With regard to the knee OA grade, there was a significant correlation between the first peak KAM and increasing OA grade in all walking conditions: Table 1 ). The first peak KAMs were found to increase along with increasing knee OA grade.
In the subgroup analysis, there were significant differences in the first peak KAMs in each condition (barefoot, conventional shoe, and LOSS) in patients with grades 2 and 3 knee OA (p ¼ 0.029 and p ¼ 0.011, respectively) (Fig. 4) . In the post hoc analysis, the first peak KAMs were significantly higher during conventional shoe walking than during LOSS walking (grade 2: p ¼ 0.014, grade 3: p ¼ 0.010); however, there were no differences in first peak KAM between barefoot walking and LOSS walking (grade 2: p ¼ 0.743, grade 3: p ¼ 0.057). For grades 1 and 4 knee OA, some decreases in first peak KAM occurred with LOSS wearing compared with conventional shoe wearing, although the difference was not significant. Table 2 outlines the differences in frontal plane biomechanical variables according to walking status: Barefoot, lateral-offset sole shoe (LOSS) wearing, and conventional shoe wearing. Both the ankle eversion angle at first peak KAM and the peak eversion ankle angle of barefoot walking showed a significant increase compared with LOSS and conventional shoe wearing, while there were no significant differences found between LOSS and conventional shoe (p ¼ 0.353 and p ¼ 0.612, respectively) (Fig. 5) . While the peak eversion ankle moment with LOSS wearing was not significantly different compared with that of conventional shoe wearing (p ¼ 0.197), the ankle eversion moment at the first peak KAM with LOSS wearing showed a significant difference compared with that of conventional shoe wearing (p ¼ 0.046) (Fig. 6 ).
DISCUSSION
The objective of this study was to determine the impact of LOSS wearing on KAM in patients with medial OA of the knee. In this study, we demonstrated that LOSS wearing leads to more significant decreases in peak KAM in patients with medial OA of the knee compared to conventional shoe wearing.
Surgical and nonsurgical methods exist for decreasing KAM. Surgical methods such as high tibial osteotomy 18 are highly invasive and associated with many complications. Nonsurgical methods such as a knee brace, 19 cane, 20 or walking slowly, and/or maintaining an out-toeing gait 21 may be challenging to sustain due to difficulties in limiting knee movement or in changing preformed walking habits. However, wearing a modified shoe to decrease KAM is a relatively simple, noninvasive, and nonintrusive intervention that may prevent the progression of OA. The LOSS in this study Figure 2 . The 1st peak of the knee adduction moment (KAM) during lateral-offset sole shoe (LOSS) walking was significantly lower than that during conventional shoe walking ( Ã p ¼ 0.001); however, there was no significant difference in the 2nd peak of the KAM between LOSS walking and conventional shoe walking (p ¼ 0.78). OA, osteoarthritis; Gr., grade; CS, conventional shoe; LOSS, lateral-offset sole shoe. The 1st peak and 2nd peak of knee adduction moment (mean Nm/kg AE SD) for all each shoe type show significant correlation and increase according to knee osteoarthritis grade in all conditions. However, there were no significant correlation according to knee osteoarthritis grade in terms of hip abduction moment and ankle abduction moment. 
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was designed to incorporate the potential biomechanics and advantages of wearing LWIS. Many studies have proven that wearing a LWIS can significantly reduce KAM. Parkes et al. 13 reported in their metaanalysis that there were no differences in KAM between walking barefoot and with a LWIS. Barrios et al. 22 reported immediate knee load reductions in subjects with knee OA with maintenance of the decreased KAM at 1 year after LWIS use. In our previous report, 15 we demonstrated that LOSS wearing resulted in a KAM that is equivalent to the KAM that results from LWIS wearing in healthy adults. The LOSS in this study also produced lower first peak KAMs compared to conventional shoe wearing, but there was no significant difference compared to barefoot walking.
wb=.35w?>The KAM reflects the load on the medial compartment of the knee joint in a dynamic state, and it is a biomechanical marker for risk of OA progression. 3 Sharma et al. 4 reported that increases in KAM of 1% are associated with a 6.36-fold increased risk of knee OA progression. In the present study, LOSS wearing significantly reduced the first peak KAM by an average of 14% more than conventional shoe wearing. Although peak KAM is an assessment of a single point in the gait cycle, it correlates with average knee waveform moment and reflects the actual loading on the knee. 23 A previous study by Englund et al. 5 showed that a higher peak KAM was associated with greater OA progression on plain radiographs. Chehab et al. 24 analyzed the magnetic resonance images of 16 patients during a 5-year follow-up period and reported that patients with high peak KAMs showed more cartilage thinning. This correlation between increasing KAM and OA severity was also evident in the results of our study.
In the subgroup analysis of knee OA grade, LOSS wearing did not significantly decrease the KAM in patients with grade 1 knee OA. One possible explanation is that the KAM is not significantly increased in patients with grade 1 knee OA. M€ undermann et al. 21 also reported that differences in the magnitude of the KAM were much larger when comparing patients with moderatetosevere knee OA and controls, whereas patients with mild knee OA demonstrate slightly less marked differences in the KAM compared with controls. Furthermore, LOSS produced no significant decreases in the first peak KAM in patients with grade 4 knee OA. This may be attributed to morphological bone changes and ligament contractures around the knee in severe OA. 25 Severe knee OA is associated with cartilage and bone loss and stiffness in the medial compartment, which makes unloading and biphasic KAM during the stance phase difficult. Therefore, since wearing LOSS is a load-shifting intervention, there may have been no KAM decrease effect in grade 4 OA patients. However, some first peak KAM decreases occurred in patients with the grades 1 and 4 knee OA between conventional shoe and LOSS wearing for each shoe type, although the difference was not significant. We believe that this lack of significance was due to the very small number of participants with grade 1 (n ¼ 19) and grade 4 (n ¼ 5) knee OA. Further large studies including a sufficient number of patients with grades 1 and 4 knee OA should be performed to determine whether LOSS wearing is in fact effective in reducing the first peak KAMs.
The mechanism of the reduction in the knee adduction moment by foot orthotics involves shifting the center of pressure to the lateral side of the shoe, which results in shortening the length of the knee joint moment arm and decreased KAM during the stance phase. 26 Among foot orthotics, LWIS induce foot eversion to aggravate the lengthening of the ankle moment arm, which causes an increase in the ankle abduction moment. 27, 28 Previous studies have suggested that the effects associated the LWIS may cause ankle and subtalar joint complex problems. 29, 30 The mechanism by which LOSS reduces the KAM resembles that of the lateral-wedge insole shoe: The center of pressure is shifted to the lateral side of the shoe in the axial plane, and the knee adduction moment arm is reduced. However, the planes of the upper and bottom surfaces of the LOSS are parallel to the ground, which prevents the additional foot eversion. 15 As a result, in this study, LOSS wearing showed no significant differences in the ankle eversion angle and the peak eversion ankle moment compared to conventional shoe wearing. This indicates the LOSS is as comfortable for the ankle joint as a conventional shoe. However, the mechanical alterations provoked by foot orthotics in reducing the knee adduction moment may lead to other structural consequences in the hips and ankles in the long-term. Although LOSS wearing was not associated with significant differences in the frontal plane biomechanical variables compared with conventional shoe wearing in the present study, we used a cross-sectional approach. Therefore, further longitudinal studies with a larger sample size are necessary to evaluate the overall effect of the frontal plane biomechanical changes incurred by LOSS wearing, including shifting the center of pressure to the lateral side of the ankle and subtalar joint complex problems such as ankle osteoarthritis, since prolonged "load history" over a multi-year period may have significant consequences.
The current study had some limitations. First, 93 subjects may not have been sufficient to characterize the entire population of women with knee OA due to the exclusion criteria applied. Second, the effect of gait speed according to knee OA grade was not considered when analyzing the KAM according to knee OA grade. Future studies should consider the gait speed according to knee OA when investigating the impact of LOSS wearing according to knee OA grade. Third, the study had a cross-sectional design. Further longitudinal studies are necessary to determine whether the first peak KAM reduction effects produced by LOSS wearing can be maintained and whether the progression of OA can be prevented. Fourth, the number of cases according to knee OA grade was insufficient to generalize the outcomes of the study. However, to the best of our knowledge, this study has the largest sample size of female patients with medial knee OA who underwent gait analysis, and it is the first study to investigate the effect of LOSS wearing on the KAM.
CONCLUSIONS
The KAM reduction effects of LOSS wearing were investigated in women with knee OA and compared with the KAM during barefoot walking and conventional shoe wearing. The LOSS wearing showed a significant KAM reduction compared with conventional shoe wearing in the patients with knee OA. Since LOSS wearing does not result in changes in the peak eversion ankle angle and moment during the load response comparing with conventional shoe wearing, it may be an effective method of reducing KAM in women with knee OA. However, studies with a large sample size including a sufficient number of patients with grades 1 and 4 knee OA are necessary to generalize the outcomes of this study in patients with knee OA. Furthermore, a longitudinal study is necessary in the near future to determine whether the first peak load reducing effect of LOSS wearing can prevent the progression of knee OA.
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